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METHODS AND APPARATUS FOR
MEASURING WAVEFRONTS AND FOR
DETERMINING SCATTERED LIGHT, AND
RELATED DEVICES AND MANUFACTURING
METHODS

This is a National Stage Application of International Appli-
cation No. PCT/EP2006/002494, filed Mar. 17, 2006, which
claims the benefit of Provisional Application No. 60/662,348,
filed Mar. 17, 2005.

This application claims priority of U.S. patent application
No. 60/662,348 which is herewith incorporated herein in its
entirety by reference.

The invention relates to a method and apparatus for spa-
tially resolved wavefront measurement on a test specimen, a
method and apparatus for spatially resolved scattered light
determination, a diffraction structure support and a coherent
structure support therefor, and also to an objective or other
radiation exposure device manufactured using such a method,
and an associated manufacturing method. In the present case
the term “spatially resolved wavefront measurement” gener-
ally encompasses the determination of a wavefront using an
arbitrary in general interferometry technique, such as a lateral
shearing interferometry technique, and the spectral decom-
position of a measured wavefront according to its spatial
frequencies.

Methods for wavefront measurement and associated
devices are variously known. Shearing interferometric meth-
ods are disclosed e.g. in the published patent application US
2002/001088. In one type of these methods, a periodic dif-
fraction structure is displaced stepwise laterally relative to the
test specimen or to a coherence-determining mask structure.
In this case, the period length of the diffraction structure
defines a shearing length and the periodicity direction of the
diffraction structure defines a shearing direction. One impor-
tant application is the high-precision measurement of projec-
tion objectives in microlithography for semiconductor wafer
patterning with regard to aberrations. In further applications,
the wave aberrations of arbitrary other optical systems can
also be determined. The detected wavefront may also be a
measure of various other parameters which can be determined
by corresponding spatially resolved wavefront measurement
by means of lateral shearing interferometry, such as the
homogeneity of a test specimen measured in transmission or
the surface of a test specimen measured in reflection. The
development coefficients of a spectral decomposition of the
measured wavefront according to its spatial frequencies may
then serve e.g. as a measure of relevant spatial frequencies of
an examined surface or of the light scattered at different
angles in an imaging system or other optical system.

Such methods, particularly if they are based on two-beam
interferometry, inherently do not permit a determination of
the wavefront at spatial frequencies which correspond to the
shearing length or an integral multiple thereof. For wavefront
measurement in these “forbidden” spatial frequencies it is
known to carry out a plurality of measurements with different
period lengths and thus different shearing lengths, as set forth
in the journal paper “Solution to the Shearing Problem”,
Applied Optics 38, pp. 5024-5031 (1999) by C. Elster and 1.
Weingértner. It is also known to interpolate over the “forbid-
den” spatial frequencies in the spatial frequency domain.

An also spatially resolved scattered light determination can
be carried out using the measurement data obtained during a
wavefront measurement. For this purpose, the point response,
also called point spread function in the following, and the
phase variance of the test specimen are determined from the
measurement data and from these the scattered light portion is
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calculated as a function of the scattered light distance, as
explained in more detail e.g. in the textbook “Statistical
Optics” by J. W. Goodman, Wiley (1985), chapter 8. Further
conventional methods for determining scattered light are
found in the relevant literature, see e.g. the journal paper by J.
P. Kirk, “Scattered Light in Photolithographic Lenses”, SPIE
vol. 2197 (1994), pp. 566-572, and the journal paper by
Eugene L. Church, “Fractal Surface Finish”, Applied Optics,
vol. 27, No. 8 (1988), pp. 1518-1526.

The scattered light constitutes a degrading factor for the
imaging quality of optical imaging systems, such as projec-
tion objectives for microlithography. Medium-range (ap-
proximately 1 pm to 100 um) and short-range (less than about
1 um) scattered light can be attributed to transmission and
phase variations as light passes through projection objectives.
Such variations may result for example from surface rough-
nesses and surface contaminations of lenses or structures in
the lens material.

The “forbidden™ spatial frequencies often lie in the
medium- or short-range scattered light range and can there-
fore make it more difficult to determine scattered light over a
continuous frequency range. This issue is even more impor-
tant when considering wavefront measurements of higher
Zernike coefficients or for frequencies above a given thresh-
old. Such measurements become increasingly important e.g.
for determining aberrations of objectives and other radiation
exposure devices used in high resolution microlithography
exposure systems operating in the very short DUV or EUV
wavelength range.

The technical problem on which the invention is based is to
provide a method and apparatus by means of which a wave-
front measurement and/or scattered light determination can
be carried out with relatively little outlay in particular also for
“forbidden” spatial frequencies defined by integral multiples
of the shearing length. Another object of the invention is to
provide an associated diffraction structure support and an
associated coherence structure support and also an objective
or other radiation exposure device manufactured using the
method, and an associated manufacturing method.

The invention solves this problem by providing a method
for wavefront measurement comprising the features of claim
1 or 17, a corresponding apparatus comprising the features of
claim 18, an exposure system comprising the features of
claim 19, a method for spatially resolved scattered light deter-
mination comprising the features of claim 5, a diffraction
structure support comprising the features of claim 20, a
coherence structure support comprising the features of claim
21, a manufacturing method comprising the features of claim
22, and an objective comprising the features of claim 23.

In one aspect the invention provides a method for spatially
resolved wavefront measurement on a test specimen by
means of shearing interferometry or some other interferomet-
ric technique comprising carrying out a first measuring opera-
tion, which comprises a plurality of individual measurements
with at least two first directions and spatially resolved detec-
tion of interferograms generated, and carrying out a second
measuring operation, which comprises one or a plurality of
individual measurements with at least one second direction
and spatially resolved detection of interferograms generated,
at least one second direction being non-parallel to at least one
first shearing direction. The interferograms detected are
evaluated so as to obtain an item of wavefront information at
least for predeterminable spatial frequencies.

When using shearing interferometry, each of the two shear-
ing measuring operations by itself permits a two-dimensional
wavefront reconstruction if e.g. individual measurements are
carried out along in each case at least two non-parallel shear-
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ing directions. However, “forbidden” spatial frequencies cor-
responding to the shearing length occur during each shearing
measuring operation. By altering the shearing direction in at
least one subsequent shearing measuring operation, the “for-
bidden” spatial frequencies can be reduced, and if appropriate
completely eliminated, in a relatively simple manner without
mandatory use of different shearing lengths. In an advanta-
geous refinement, a complete spatial frequency spectrum of
the wavefront profile can be obtained in this way.

In a refinement of the method e.g. a type of shearing inter-
ferometry that works with diffraction structures is used for
carrying out the shearing measuring operations. In this case,
the individual measurements of the first shearing measuring
operation are effected by a shearing displacement of one or a
plurality of first diffraction structures positioned in the beam
path along at least two first periodicity directions thereof
which define the corresponding first shearing directions. The
individual measurements of the second shearing measuring
operation are analogously effected on the basis of a shearing
displacement of one or a plurality of second diffraction struc-
tures positioned in the beam path along at least two second
periodicity directions thereof which define the associated
second shearing directions.

In a refinement of the method a point response of the test
specimen is determined from the interferograms detected and
a spatially resolved scattered light determination is carried
out by means of the point response. On account of the elimi-
nation of “forbidden” spatial frequencies during the spatially
resolved wavefront measurement, it is possible to determine
scattered light for these spatial frequencies as well.

In a development of the method a common diffraction
structure in rotated orientations is used for the first diffraction
structure and the second diffraction structure. Carrying out
the method using a common diffraction structure which is
altered in terms of orientation during different measuring
operations is cost-effective and easy to realize.

A method according to the invention for spatially resolved
scattered light measurement on a test specimen comprises
carrying out a measuring operation comprising a plurality of
individual measurements with a displacement of a diffraction
structure positioned in the beam path along at least four
periodicity directions of the diffraction structure which define
at least four associated shearing directions, and spatially
resolved detection of interferograms generated, determining
the point response of the test specimen from the interfero-
grams detected, and spatially resolved scattered light deter-
mination from the point response determined. By means of a
measuring operation along at least four non-parallel direc-
tions, it is possible to eliminate “forbidden” spatial frequen-
cies in the wavefront measurement, so that it is possible to
achieve a spatially resolved scattered light determination with
all spatial frequencies without, when using shearing interfer-
ometry, different shearing lengths necessarily being required
for this purpose.

A development of the method involves carrying out two
individual measurements of the measuring operation or
operations for two mutually perpendicular first directions and
two further individual measurements of the measuring opera-
tion or operations for two mutually perpendicular second
directions, the first directions being rotated through a non-
orthogonal angle with respect to the second directions relative
to a test specimen orientation. The first directions generate
associated first “forbidden” spatial frequencies and the sec-
ond directions generate associated second “forbidden” spatial
frequencies. By rotation through a non-orthogonal angle and
by performing one or a plurality of further individual mea-
surements with rotated orientation, it is possible to eliminate
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all “forbidden” spatial frequencies, that is to say that all the
spatial frequencies of the detected wavefront can be deter-
mined.

In a refinement of the method, the same diffraction struc-
ture is used for carrying out first individual measurements of
the shearing measuring operation or operations as is used for
carrying out second individual measurements of the measur-
ing operation or operations in a rotated orientation relative to
the test specimen, for which purpose the test specimen and/or
the diffraction structure is correspondingly rotated. The use
of the same diffraction structure for a plurality of individual
measurements enables the measuring outlay to be reduced.

In a development of the method at least two diffraction
structures with non-parallel periodicity directions are
arranged on a common diffraction structure support in partial
regions of the diffraction structure support that are spaced
apart from one another, and, between different individual
measurements of the measuring operation or operations, the
at least two diffraction structures are mutually interchanged
by laterally displacing the diffraction structure support. In
this refinement of the method, a rotated diffraction structure
can in each case be brought into the beam path by simple
lateral displacement of the diffraction structure support.

In a refinement of the method at least one diffraction struc-
ture has at least two different period lengths in at least one
periodicity direction. By using a plurality of different period
lengths, “forbidden” spatial frequencies can also be elimi-
nated by the accompanying different shearing lengths.

In a development of the method in order to carry out at least
one individual measurement of the measuring operation or
operations, a coherence structure with at least one periodicity
direction and at least one associated period length is posi-
tioned in the beam path upstream of the respective diffraction
structure, the periodicity direction of the coherence structure
corresponding to a corresponding measurement direction and
the period length of the coherence structure corresponding to
a corresponding diffraction structure period length. The
wavefront measurement is facilitated by the use of coherence
structures corresponding to the diffraction structures. For the
relative displacement of the diffraction structure, the latter
and/or the coherence structure can be actively moved.

In a refinement of the method the same coherence structure
is used for carrying out first individual measurements of the
measuring operation or operations as is used for carrying out
second individual measurements of the measuring operation
or operations in a rotated orientation relative to the test speci-
men, for which purpose the test specimen and/or the coher-
ence structure is correspondingly rotated. A rotation of the
coherence structure can be carried out without altering the
position of the diffraction structure, but it is alternatively also
possible to rotate both structures and/or the test specimen.

In a development of the method at least two coherence
structures with non-parallel periodicity directions are
arranged on a common coherence structure support in partial
regions of the coherence structure support that are spaced
apart from one another, and, between different individual
measurements of the measuring operation or operations, the
at least two coherence structures are mutually interchanged
by laterally displacing the coherence structure support. This
procedure is particularly advantageous if a diffraction struc-
ture support corresponding to the coherence structure support
is used.

In a development of the method at least one coherence
structure has at least two different period lengths in at least
one periodicity direction. Such a coherence structure can
advantageously be used with a corresponding diffraction
structure.
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A refinement of the method is carried out on a projection
objective of a microlithography projection exposure appara-
tus as test specimen. Through a characterization of the imag-
ing properties of such projection objectives by means of
wavefront measurement and/or scattered light determination,
effects which disturb the imaging and which are brought
about e.g. by contaminations on lens surfaces can be detected
and, if appropriate, suitable counter measures can be imple-
mented.

In a development of the method the evaluation of the mea-
surement data obtained by the measuring operations com-
prises a wavefront reconstruction on the basis of in each case
two of three or more wavefront gradients and a combination
of wavefronts obtained in this way, which realizes a partial
redundancy, or a wavefront reconstruction simultaneously on
the basis of all the wavefront gradients detected. These evalu-
ation methods can be realized well, on the one hand, and, on
the other hand, enable a good accuracy of the wavefront
determination for practically all desired spatial frequencies.

In a particular advantageous embodiment of the invention
the measurement technique used is a shearing interferometry
technique.

In a further aspect the invention provides a method for
wavefront measurement adapted to determine relatively high
Zernike coefficients, such as at least one Zernike coefficient
higher than 36, and preferably higher than 64, or the method
is adapted for spatially resolved wavefront measurements for
spatial frequencies up to or above a predetermined threshold.

In a further aspect the invention provides for apparatuses
suited to carry out the inventive wavefront measurement
methods. The invention further provides for an exposure sys-
tem, such as a microlithography exposure system, which is
equipped with an apparatus for conducting the wavefront
measurement method of the present invention.

A diffraction structure support according to the invention
comprises a plurality of diffraction structures which are
arranged in partial regions of the diffraction structure support
that are spaced apart from one another, and each of which has
at least one period length and at least one periodicity direc-
tion, wherein the periodicity directions of at least two diffrac-
tion structures are non-parallel to one another. The diffraction
structure support can be used particularly advantageously in
the abovementioned methods.

A coherence structure support according to the invention
comprises a plurality of coherence structures which are
arranged in partial regions of the coherence structure support
that are spaced apart from one another, and each of which has
at least one period length and at least one periodicity direc-
tion, wherein the periodicity directions of at least two coher-
ence structures are non-parallel to one another. The coherence
structure support can also be used advantageously in the
abovementioned methods.

An objective or other optical component according to the
invention, e.g. a microlithography projection objective, may
be manufactured by a method according to the invention
using the wavefront measurement and/or scattered light mea-
surement method according to the invention.

Advantageous exemplary embodiments of the invention
are illustrated in the drawings and are described below. In the
figures:

FIG. 1 shows a flow diagram of a method according to the
invention for scattered light determination,

FIG. 2 shows a plan view of a coherence structure support
with eight regions arranged one under another and each hav-
ing four partial regions spaced apart from one another, which
comprise four coherence structures rotated at an angle of
22.5° relative to one another,

20

25

30

35

40

45

50

55

60

65

6

FIG. 3 shows a plan view of a diffraction structure support
with diffraction structures corresponding to the coherence
structures of FIG. 4,

FIG. 4 shows a spatial frequency diagram in which “for-
bidden” spatial frequencies occurring during two shearing
measuring operations with the structures shown in FIGS. 2
and 3 are specified,

FIG. 5 shows a spatial frequency diagram in which “for-
bidden” spatial frequencies occurring during four shearing
measuring operations with the structures shown in FIGS. 2
and 3 are specified,

FIG. 6 shows a plan view of a diffraction structure with a
plurality of non-parallel periodicity directions and two differ-
ent period lengths in a periodicity direction, and

FIG. 7 shows a spatial frequency diagram with “forbidden”
spatial frequencies generated during a shearing measuring
operation with the diffraction structure of FIG. 6.

The flow diagram of FIG. 1 shows an exemplary embodi-
ment of a method for wavefront measurement and scattered
light measurement on an optical imaging system as test speci-
men, e.g. a microlithography projection objective of a wafer
stepper or wafer scanner. In a first method step (step 1), a
coherence structure support 10 shown in FIG. 2 is introduced
on the object side, preferably in an object plane, and a dif-
fraction structure support 20 shown in FIG. 3 is introduced on
the image side, preferably in an image plane, from the pro-
jection objective, so that a first coherence structure 11 of four
coherence structures 11, 12, 13, 14 which are arranged next to
one another in partial regions of the coherence structure sup-
port 10 that are spaced apart from one another along an x
direction of a system of xy coordinates and a first diffraction
structure 21 of four diffraction structures 21, 22, 23, 24 which
are arranged next to one another in partial regions of the
diffraction structure support 20 that are spaced apart from one
another along the x direction lie in the beam path of the
projection objective. Identical coherence and diffraction
structures are respectively arranged in a manner repeated
seven-fold in a manner offset in the y direction with respect to
the four coherence structures 10, 11, 12, 13 and the four
diffraction structures 21, 22, 23, 24. This repeated arrange-
ment is useful e.g. for applications in situ in a wafer scanner
that is moved only in a lateral direction.

The diffraction structures 21, 22, 23, 24 are formed e.g. as
customary checkered gratings. These have two mutually per-
pendicular periodicity directions with an identical period
length. The coherence structures 11 to 14 correspond to the
diffraction structures 21 to 24, that is to say that they match
the latter down to the imaging skill of the projection objective
and serve, as is known, for coherence shaping.

In a subsequent step 2 of the method, a first shearing
measuring operation is carried out. For this purpose, during a
first individual measuring operation, the diffraction structure
21 is displaced laterally relative to the projection objective
and to the coherence structure 11, which is illuminated by an
upstream illumination system, along the first periodicity
direction, which e.g. corresponds to the x direction of the
system of Xy coordinates and defines a first shearing direc-
tion. During a subsequent second individual measuring
operation, the diffraction structure is displaced laterally along
the second periodicity direction, which defines a second
shearing direction corresponding e.g. to the y direction of the
system of Xy coordinates. The wavefront which is emitted by
the coherence structure 11 and passes through the projection
objective is diffracted at the diffraction structure 21 into dif-
ferent orders of diffraction, e.g. into a Oth and 1st order of
diffraction, the interference pattern of which is detected on a
downstream spatially resolving detector. As an alternative to
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an active shearing displacement of the diffraction structure
21, it is also possible, of course, for the coherence structure 11
and/or the projection objective to be actively laterally dis-
placed.

The wavefront and thus the aberration behavior of the
projection objective can be determined in spatially resolved
fashion from the two individual measuring operations along
the two mutually perpendicular shearing directions. Inher-
ently excluded from the determination in this case are “for-
bidden” spatial frequencies corresponding to the shearing
length defined by the period length of the diffraction structure
21 and of the coherence structure 11 in the two x and y
periodicity directions. These “forbidden” spatial frequencies
are represented for the +1st orders in FIG. 4 as points 30 in the
spatial frequency domain, that is to say in a system of f./f,
coordinates with the spatial frequency directions f, and ..

The wavefront determination for the “forbidden™ spatial
frequencies 30 as well is now made possible by virtue of
carrying out one or a plurality of further shearing measuring
operations. Therefore, in a step 3 of the method, firstly a check
is made to ascertain whether a predeterminable number of
shearing measuring operations which permit a scattered light
determination with sufficient accuracy or a wavefront deter-
mination for all desired spatial frequencies has been reached.
If this is not the case, further shearing measuring operations
are carried out by repeating steps 1 and 2 of the method. In the
present case, a second measuring operation is carried out by
laterally displacing the coherence structure support 10 and
the diffraction structure support 20, so that a second diffrac-
tion structure 23, which is rotated through 45° with respect to
the diffraction structure 21 used during the previous shearing
measuring operation, and also a corresponding second coher-
ence structure 13 are introduced into the beam path. The
“forbidden” spatial frequencies 31 which occur during a sub-
sequent second shearing measuring operation carried out
analogously to the first operation and are shown in FIG. 4
accordingly lie in directions rotated through 45° relative to
those of the first shearing measuring operation. In addition to
the spatial frequencies depicted in FIG. 4, all those frequen-
cies which result from an integral linear combination of the
spatial frequency vectors which point from the origin to the
“forbidden” points 30, 31 in FIG. 4 are also “forbidden”. The
“forbidden” spatial frequencies can be eliminated by combin-
ing the two measurements. In other words, at least two gra-
dients of the wavefront detected by lateral shearing interfer-
ometry can then be found for each spatial frequency, from
which gradients the corresponding spatial frequency of the
wavefront can be reconstructed.

It may be desired to carry out further shearing measuring
operations in order to increase the evaluation accuracy and/or
to provide a partial redundancy. For this purpose, e.g. two
further shearing measuring operations are carried out with a
third and fourth diffraction structure 12, 14 and a third and
fourth coherence structure 22, 24 of the structure supports 10,
20 in FIGS. 2 and 3, these structures being rotated through
+22.5° relative to the diffraction structures 21, 23 and coher-
ence structures 11, 13 used during the two first shearing
measuring operations. The associated “forbidden” third and
fourth spatial frequencies 33, 32 are shown together with the
“forbidden” spatial frequencies 30, 31—which are separated
from these—of the two first shearing measuring operations
for the +1st order in FIG. 5. It is evident that the combination
of the four shearing measuring operations contains no “for-
bidden” spatial frequencies, that is to say that the intersection
set of all “forbidden” spatial frequencies 30, 31, 32, 33 of the
individual measurements is empty.
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In a subsequent step 4 of the method, the shearing inter-
ferograms detected during the wavefront measurement are
used to determine a point spread function (PSF) and a phase
variance 0¢2 as mean square error of the phase error in a
conventional manner. For a precise description of the calcu-
lations required for this purpose, reference may be made to
the relevant literature.

The point spread function and the phase variance are linked
with the spatially resolved scattered light component to be
determined, which corresponds to the power spectral density
(PSD), to a good approximation in accordance with the fol-
lowing equation:

PSF(r)=(1-0,2)8(r)+PSD,(r) (a)

with the spatial variables r and the phase ¢. The first addend
(1—0¢2)6(r) is equivalent to the beam ratio of the projection
objective.

In a final method step 5, the spatially resolved scattered
light component PSD(r) is determined in accordance with
equation (a) above and can be used for characterizing the
imaging properties of the projection objective.

As an alternative to the procedure described above, it is
possible to carry out a scattered light determination in accor-
dance with the method of FIG. 1 also with a single shearing
measuring operation, e.g. using a multifrequency diffraction
structure 40 shown in FIG. 6. This diffraction structure 40 has
a periodic sequence of interleaved small and large squares in
a checkered arrangement. There is a respective periodicity
direction along the x direction and the y direction of a system
of' xy coordinates having an identical period length. Besides
these two periodicity directions, the diffraction structure 40
also has two further, oblique periodicity directions having an
identical period length, which, however, is smaller than that
of'the x and y periodicity directions, which are highlighted by
arrows in the system of xy coordinates. For further details of
such a multifrequency diffraction structure, reference shall be
made to the applicant’s published patent application DE 102
58 142 Al, the content of which is hereby fully incorporated
by reference in this application.

When carrying out two individual measurements having
the larger period length along the x and y directions, there are
corresponding “forbidden” spatial frequencies 50 in the spa-
tial frequency domain, as illustrated in FIG. 7. Corresponding
“forbidden™ spatial frequencies 51 arise when carrying out
two individual measurements in one oblique direction. Since
they are associated with a larger period length, in the spatial
frequency domain they lie further away from the origin than
the “forbidden” spatial frequencies 50 on the f, and f, axes.

When carrying out two further individual measurements
along the other oblique periodicity direction, further “forbid-
den” spatial frequencies 52 lying in a rotated direction with
respect to the “forbidden” spatial frequencies 50, 51 arise at
the same distance from the origin as the forbidden spatial
frequencies 51. Overall, the intersection set of the “forbid-
den” spatial frequencies 50, 51, 52 is empty, so that it is
possible to carry out a scattered light determination in accor-
dance with steps 4 and 5 of the method without “forbidden”
spatial frequencies. In addition to the four individual mea-
surements shown here along non-parallel periodicity direc-
tions, the diffraction structure 40 also permits two further
individual measurements of this type, so that a wavefront
measurement and/or scattered light determination is possible
with the diffraction structure 40 along a total of six non-
parallel periodicity directions without the diffraction struc-
ture 40 having to be rotated. Such rotation is of course like-
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wise possible as required if shearing measurements are also
intended to be carried out for correspondingly different shear-
ing directions.

In some wavefront measurement methods, in addition to a
forbidden spatial frequency corresponding to the period
length, further, higher-order forbidden spatial frequencies
which correspond to multiples of the period length, in par-
ticular to the doubled period length of the diffraction struc-
ture, may also play a part. These higher-order “forbidden”
spatial frequencies can also be eliminated by the method
according to the invention.

As an alternative to the procedures described above, in
order to produce shearing interferograms along a plurality of
periodicity directions, a diffraction structure and/or a coher-
ence structure can be rotated through a predeterminable angle
relative to the projection objective. In this case, the diffraction
structures and/or coherence structures may each have one or
a plurality of periodicity directions and one or a plurality of
period lengths along each periodicity direction. For this pur-
pose, the diffraction structures and/or coherence structures
may be fitted on a rotatable diffraction structure support and/
or a rotatable coherence structure support.

Whereas primarily an application for determining scat-
tered light has been discussed above, the method according to
the invention is also suitable for any other applications in
which wavefront gradients are measured by means of lateral
shearing interferometry and the associated wavefront is
reconstructed therefrom and, in particular, the as far as pos-
sible complete spatial frequency spectrum thereof is deter-
mined. In accordance with the lateral shearing interferometry
technique, per field point considered, two or more wavefront
gradients are determined in mutually non-parallel directions,
as result from the difference between two or more wavefront
duplicates that are displaced in the respective direction with
respect to one another. As explained above, for a given shear-
ing interferometry measurement set up with two shearing
distances in two different directions, there are always two
non-detectable, that is to say “forbidden”, spatial frequencies,
that is to say—in the two-dimensional spatial frequency
domain—four first-order regions for which the shearing
interferometer is “blind”. By adding at least one further shear-
ing direction which is non-parallel to one of the two first-
mentioned directions, at least two wavefront gradients can
then be found for each spatial frequency, from which wave-
front gradients it is possible to reconstruct the relevant spatial
frequency contribution for the wavefront.

Various possibilities for evaluation after carrying out the
measurements in one or a plurality of further shearing direc-
tions are thus possible. In one instance, a wavefront can be
reconstructed from in each case two wavefront gradients in
the manner that is customary per se. In the case of three or
more measured wavefront gradients, a plurality of wavefronts
can then be determined by means of different combinations,
which means a wavefront determination with partial redun-
dancy, but now at least one wavefront containing the relevant
spatial frequency is obtained for each spatial frequency. An
alternative evaluation method consists in reconstructing a
wavefront whilst simultaneously taking account of all the
different gradients.

Any desired shearing interferometry technique is suitable
for carrying out the method according to the invention, e.g. of
the abovementioned type such as is used by the applicant
under the designation “operating interferometer”—in this
respect, see for example DE 102 58 142 Al already men-
tioned, or of the type having Ronchi gratings or a type without
gratings, or one of the shearing interferometry techniques
described in the textbook D. Malacara, Optical Shop Testing,
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2nd edition 1992, J. Wiley & Sons, Inc., to which reference
may be made for further details.

By phase shifting, the accuracy can be increased in particu-
lar for higher spatial frequencies, but this is optional. In
general, the phase shifting can be effected by moving corre-
sponding elements in the measurement set up, e.g. a diffrac-
tion grating or other diffracting elements.

While the embodiments explained above are based on
shearing interferometry, it should be noted that according to
the invention any other wavefront measurement technique
can be used which one of ordinary skill in the art knows to be
an equivalent means for carrying out the measurements in line
with the purpose of the present invention.

The invention further allows in another aspect to determine
relatively high Zernike coefficients, in particular Zernike
coefficients higher than 36 and preferably higher than 64 by
using appropriately designed wavefront measurement meth-
ods and apparatuses. Just to give a non-limiting example, by
using corresponding methods and apparatuses, any desired
Zernike coefficient in any desirable range above 64, e.g.
between 64 and 80, or between 80 and 100, could be deter-
mined. Equivalently the invention provides for methods and
apparatuses to conduct spatially resolved wavefront measure-
ments for comparatively high spatial frequencies up to or
above a predetermined, relatively high threshold.

This aspect of the invention becomes increasingly impor-
tant for measuring aberrations of high-resolution objectives
such as used in modern microlithography exposure systems
which operate at very small wave length in the DUV and EUV
range, especially for objectives having high numerical aper-
tures of about 1.0 or more. For such high-resolution optical
components it is very advantageous to achieve aberration
measurements at such high Zernike coefficience or spatial
frequencies and obviating forbidden spatial frequencies. An
exposure system of the invention can be equipped with a
corresponding wavefront measurement apparatus for allow-
ing in-situ measurements of such high Zernike coefficience or
up to a comparatively high spatial frequency threshold or
above such frequency threshold.

The method according to the invention may be used for
example in the manufacture of objectives, e.g. microlithog-
raphy projection objectives of a wafer stepper or wafer scan-
ner. Inthis case, the objective is prefabricated in a manner that
is conventional per se, and is then tested in spatially resolved
fashion in terms of its optical imaging behavior by wavefront
measurement and/or scattered light measurement according
to the invention. Depending on the test result, changes may
subsequently also be made to the objective, whether to the
material of one or a plurality of optical components of the
objective itself, or through alignment measures and/or adjust-
ments of objective parameters that can be set, e.g. by means of
assigned manipulators of lens elements, etc. The objective
manufactured in this way is then correspondingly optimized
in terms of its imaging behavior.

The method according to the invention is clearly not
restricted to a projection objective as test specimen, but rather
can be carried out on arbitrary optical systems and other test
specimens in transmission or reflection in which there is a
need for wavefront measurement or scattered light determi-
nation to the greatest possible extent without “forbidden”
spatial frequencies. The wavefront determined is in each case
a measure of the sought parameter to be determined, such as
the wave aberrations of an optical system, the homogeneity of
a test specimen measured in transmission or the surface of a
test specimen measured in reflection. Thus, the development
coefficients with regard to the spatial frequencies of the wave-
front determined according to the invention with their spatial
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frequency spectrum may describe for example spatial fre-
quencies of the constitution of a surface or the light scattered
at different angles in an imaging system.

The invention claimed is:

1. A method for spatially resolved wavefront measurement
on a test specimen, comprising:

a) carrying out a first measuring operation, which includes

a plurality of individual measurements with at least two
first directions and spatially resolved detection of inter-
ferograms generated,

b) subsequent to the first measuring operation, carrying out
a second measuring operation, which includes at least
one individual measurement with at least one second
direction and spatially resolved detection of interfero-
grams generated, the at least one second direction being
non-parallel to at least one of the first directions, and

¢) evaluating the interferograms detected in order to obtain
an item of wavefront information at least for predeter-
mined spatial frequencies.

2. The method as claimed in claim 1, wherein the plurality
of individual measurements of the first measuring operation
comprise a displacement of at least one of first diffraction
structures positioned in the beam path along at least two first
periodicity directions thereof which define the associated first
directions, and the plurality of individual measurements of
the second measuring operation comprise a displacement of
at least one of second diffraction structures positioned in the
beam path along at least two second periodicity directions
thereof which define the associated second directions.

3. The method as claimed in claim 1, further comprising
determining a point response of the test specimen from the
interferograms detected, and carrying out a spatially resolved
scattered light determination by means of the point response.

4. The method as claimed in claim 2, wherein a common
diffraction structure in rotated orientations is used for the first
diffraction structure and the second diffraction structure.

5. A method for wavefront measurement on a test speci-
men, as claimed in claim 1, wherein at least one Zernike
coefficient higher than 36 is determined, or measurements for
corresponding spatial frequencies at least up to a predeter-
mined threshold are conducted for the test specimen.

6. An apparatus for spatially resolved wavefront measure-
ment on a test specimen, adapted to carry out the method of
claim 1.

7. An exposure system, equipped with an apparatus for
spatially resolved wavefront measurement according to claim
6.

8. A method for manufacturing an optical component,
comprising:

prefabricating the objective,

testing the prefabricated objective by spatially resolved
wavefront measurement by the method as claimed in
claim 1, and

finishing the production of the objective in a manner
dependent on the test result.

9. An optical component, manufactured by the method as

claimed in claim 8.

10. A method for spatially resolved scattered light mea-
surement on a test specimen, comprising:

a) carrying out a measuring operation including a plurality
of individual measurements with a displacement of a
diffraction structure positioned in the beam path along at
least four periodicity directions of the diffraction struc-
ture which define at least four associated directions, and
spatially resolved detection of interferograms gener-
ated,
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b) determining the point response of the test specimen from

the interferograms detected, and

¢) performing a spatially resolved scattered light determi-

nation from the point response determined.

11. The method as claimed in claim 10, comprising two
individual measurements of the measuring operation for two
mutually perpendicular first directions and two further indi-
vidual measurements of the measuring operation for two
mutually perpendicular second directions, the first directions
being rotated through a non-orthogonal angle with respect to
the second directions relative to a test specimen orientation.

12. The method as claimed in claim 10, wherein the same
diffraction structure is used for carrying out first individual
measurements of the measuring operation as is used for car-
rying out second individual measurements of the measuring
operation in a rotated orientation relative to the test specimen,
at least one of the test specimen and the diffraction structure
being correspondingly rotated.

13. The method as claimed in claim 10, wherein at least two
diffraction structures with non-parallel periodicity directions
are arranged on a common diffraction structure support in
partial regions of the diffraction structure support that are
spaced apart from one another, and, between different indi-
vidual measurements of the measuring operation, the at least
two diffraction structures are mutually interchanged by later-
ally displacing the diffraction structure support.

14. The method as claimed in claim 10, wherein at least one
diffraction structure has at least two different period lengths
in at least one periodicity direction.

15. The method as claimed in claim 10, wherein, in order to
carry out at least one individual measurement of the measur-
ing operation, a coherence structure with at least one period-
icity direction and at least one associated period length is
positioned in the beam path upstream of the respective dif-
fraction structure, the periodicity direction of the coherence
structure corresponding to a corresponding diffraction struc-
ture periodicity direction and the period length of the coher-
ence structure corresponding to a corresponding diffraction
structure period length.

16. The method as claimed in claim 15, wherein the same
coherence structure is used for carrying out first individual
measurements of the measuring operation as is used for car-
rying out second individual measurements of the measuring
operation in a rotated orientation relative to the test specimen,
at least one of the test specimen and the coherence structure
being correspondingly rotated.

17. The method as claimed in claim 15, further comprising
arranging at least two coherence structures with non-parallel
periodicity directions on a common coherence structure sup-
port in partial regions of the coherence structure support that
are spaced apart from one another, and, between different
individual measurements of the measuring operation, mutu-
ally interchanging the at least two coherence structures by
laterally displacing the coherence structure support.

18. The method as claimed in claim 15, wherein at least one
coherence structure has at least two different period lengths in
at least one periodicity direction.

19. The method as claimed in claim 10, carried out on at
least one of a projection objective and another component of
a microlithography projection exposure apparatus as test
specimen.

20. The method as claimed in claim 10, wherein at least
three wavefront gradients are determined from the individual
measurements carried out, and a respective wavefront is
reconstructed from respectively two wavefront gradients, or a
common wavefront is simultaneously reconstructed from all
the wavefront gradients.



US 8,134,716 B2

13

21. The method as claimed in claim 10, wherein the wave-
front measurement is made by shearing interferometry.

22. An apparatus for spatially resolved scattered light mea-
surement on a test specimen, adapted to carry out the method
of claim 10.

23. A method for manufacturing an optical component,
comprising:

prefabricating the objective,

testing the prefabricated objective by spatially resolved

scattered light measurement by the method as claimed in
claim 10, and

finishing the production of the objective in a manner

dependent on the test result.

24. An optical component, manufactured by the method as
claimed in claim 23.

25. A diffraction structure support having a plurality of
diffraction structures which are arranged in partial regions of

14

the diffraction structure support that are spaced apart by a
predetermined, non-zero distance from one another, and each
of which has at least one period length and at least one
periodicity direction, wherein the periodicity directions of at
least two of the diffraction structures are non-parallel to one
another.

26. A coherence structure support having a plurality of
coherence structures which are arranged in partial regions of
the coherence structure support that are spaced apart by a
predetermined, non-zero distance from one another, and each
of which has at least one period length and at least one
periodicity direction, wherein the periodicity directions of at
least two of the coherence structures are non-parallel to one
another.
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